NMDA spikes are prominent in the basal dendrites of cortical pyramidal neurons and greatly expand their ability to integrate synaptic inputs. Calcium (Ca) signals during these spikes are important for synaptic plasticity and fundamentally depend on activation of NMDA receptors. However, the factors that shape the activation of these receptors and the initiation of NMDA spikes remain unclear. Here we examine the properties of NMDA spikes in the basal dendrites of layer 5 pyramidal neurons in the mouse prefrontal cortex. Using two-photon imaging, we demonstrate that NMDA spikes evoke large Ca signals in both postsynaptic spines and nearby dendrites. We find that the dendrite Ca signals depend on NMDA and AMPA receptors but not sodium (Na) or Ca channels. Using voltage-clamp recordings, we show that activation of dendrite NMDA receptors is enhanced by concerted synaptic activity. Blocking glutamate reuptake further increases activation of these receptors and promotes the initiation of NMDA spikes. We conclude that glutamate spillover and recruitment of extrasynaptic receptors contribute to the initiation of NMDA spikes. These results have important implications for how synaptic activity generates both electrical and biochemical signals in dendrites and spines.
Introduction
Dendritic spikes result from complex interactions between synaptic and voltage-sensitive conductances Stuart et al., 1997; Golding and Spruston, 1998) . Initiating these spikes often requires concerted synaptic activity within individual dendritic branches (Losonczy and Magee, 2006) . Local depolarization during dendritic spikes can activate both voltage-sensitive sodium (Na) and calcium (Ca) channels. The resulting Ca signals in dendrites and spines are important for synaptic plasticity in pyramidal neurons (Golding et al., 2002; Holthoff et al., 2004) . The spatial confinement of these spikes also increases the complexity of synaptic integration and permits local computations (London and Häusser, 2005) .
NMDA spikes are generated in the basal dendrites of cortical pyramidal neurons by extracellular stimulation (Schiller et al., 2000; Polsky et al., 2004 Polsky et al., , 2009 Milojkovic et al., 2007) or direct glutamate application (Schiller et al., 2000; Wei et al., 2001; Milojkovic et al., 2005; Major et al., 2008) . Like other dendritic spikes, NMDA spikes are associated with supralinear increases in the amplitude and half-width of EPSPs. They are also responsible for large Ca signals restricted to tens of micrometers within individual dendritic branches. Unlike other dendritic spikes, however, NMDA spikes depend on the activation of NMDA receptors (NMDA-Rs) rather than Na and Ca channels.
Initiating NMDA spikes involves a positive feedback loop, in which local depolarization relieves the magnesium (Mg) block of NMDA-Rs (Schiller and Schiller, 2001 ). In the presence of bound glutamate, this enables NMDA-Rs to act like other voltagesensitive channels. However, the conductance needed for NMDA spikes is extremely high (Rhodes, 2006) , and the underlying mechanism remains unclear. One possibility is activation of silent synapses, but these are rare during the developmental periods when these spikes are studied (Durand et al., 1996; Busetto et al., 2008) . Another possibility is glutamate spillover, which could activate extrasynaptic receptors on nearby spines and dendrites.
Although synaptic transmission is often viewed as a point-topoint process, glutamate can also escape the synaptic cleft (Kullmann et al., 1996; Asztely et al., 1997; Barbour and Häusser, 1997; Rusakov and Kullmann, 1998) . Due to their high affinity, NMDA-Rs can sense this diffuse glutamate signal (Isaacson, 1999) , which may pool from many active synapses (Arnth-Jensen et al., 2002) , especially during high-frequency stimulation (Carter and Regehr, 2000) . Glutamate binding to extrasynaptic NMDA-Rs could provide the high conductance required for NMDA spikes. It could also generate widespread Ca signals in dendrites and spines located further from the sites of glutamate release.
Here we examine the factors underlying NMDA spikes in layer 5 (L5) pyramidal neurons of the mouse prefrontal cortex (PFC). Using two-photon microscopy, we show that NMDA spikes generate Ca signals in spines and dendrites. The dendrite Ca signal requires NMDA-Rs and AMPA receptors (AMPA-Rs) but not Ca or Na channels. In voltage-clamp recordings, we show that dendrite Ca signals reflect activation of extrasynaptic NMDA-Rs. Blocking glutamate transporters enhances activation of these receptors and lowers the threshold for NMDA spikes. These results indicate that glutamate spillover promotes the generation of NMDA spikes, with important implications for synaptic plasticity and dendritic computation.
Materials and Methods
Preparation. Recordings were made from L5 pyramidal neurons in the medial PFC of acute slices from postnatal day 21 to 28 Swiss-Webster mice of either sex, as previously described Carter, 2010, 2011) . Mice were anesthetized with a lethal dose of ketamine/xylazine and perfused intracardially with ice-cold external solution containing the following (in mM): 65 sucrose, 75 NaCl, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 25 glucose, 2.5 KCl, 1 CaCl 2 , 5 MgCl 2 , 0.4 Na-ascorbate, 3 Na-pyruvate (295-305 mOsm), bubbled with 95% O 2 /5% CO 2 . Coronal slices (300 m thick) were cut in ice-cold external solution and transferred to ACSF containing the following (in mM): 119 NaCl, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 21 glucose, 2.5 KCl, 2 CaCl 2 , 1 MgCl 2 , 0.4 Na-ascorbate, 3 Na-pyruvate (295-305 mOsm), bubbled with 95% O 2 /5% CO 2 . After 30 min at 35°C, slices were stored for 30 min at 24°C, after which experiments were conducted at 33Ϫ34°C.
In all experiments, the ACSF contained 10 M gabazine to block GABA A -Rs and 10 M D-serine to prevent NMDA-R run-down. We found no evidence for epileptic activity as long as slices were maintained at near-physiological temperatures. In voltage-clamp experiments, the ACSF contained 10 M NBQX to block AMPA-Rs. In some experiments, one or more of the following drugs were added to the ACSF (in M): 10 R-CPP, 10 NBQX, 30 cyclopiazonic acid (CPA), 10 mibefradil, 20 nimodipine, 1 -conotoxin MVIIC, 0.3 SNX-482, 10 TBOA (threo-␤-benzyloxyaspartic acid). All chemicals were from Sigma or Tocris Bioscience, except for SNX-482 (Alomone Labs).
Physiology recordings. Whole-cell recordings were obtained from L5 pyramidal neurons identified with IR-DIC at 450 -550 m from the pial surface. Borosilicate recording pipettes (2-4 M⍀) were filled with one of two internal solutions. Current-clamp recordings used (in mM): 135 K-gluconate, 7 KCl, 10 HEPES, 10 Na-phosphocreatine, 4 Mg 2 -ATP, 0.4 NaGTP, 290 -295 mOsm, pH 7.35 with KOH. In some experiments, 5 mM QX-314 was added to this internal. Voltage-clamp recordings used (in mM): 135 Cs-gluconate, 10 HEPES, 10 Na-phosphocreatine, 4 Mg 2 -ATP, 0.4 NaGTP, 290 -295 mOsm, pH 7.35 with CsOH. Internal solutions also contained 1000 M Fluo-4FF to monitor Ca levels and 30 M Alexa Fluor-594 to image neuronal morphology. Dye concentrations were chosen to ensure that Ca signals were in the linear range of the indicators. Neurons were filled via the patch electrode for at least 20 min before imaging. Recordings were made using a Multiclamp 700B amplifier, filtered at 5 kHz for current-clamp recordings and 2 kHz for voltageclamp recordings, and sampled at 10 kHz.
Two-photon microscopy. Intracellular Ca imaging was performed with a custom microscope, as previously described (Carter and Sabatini, 2004; Carter et al., 2007) . For two-photon imaging, 810 nm light was used to excite Fluo-4FF (green) and Alexa Fluor-594 (red), to monitor Ca signals and spine morphology, respectively. Reference frame-scans were taken between each acquisition to correct for small spatial drift over time. Baseline fluorescence was monitored and recordings were discarded if an increase was detected, which would indicate photo-damage.
For most experiments, green and red fluorescence signals were collected during 500 Hz line-scans across a spine-dendrite pair. For the experiments in Figure 8 (see below), green and red fluorescence signals were collected as the scanning mirrors sequentially passed through the spine-dendrite and spine-spine pairs for 2 ms to generate 250 Hz linescans. Ca signals were quantified as changes in green fluorescence to red fluorescence (⌬G/R), normalized to the maximal green fluorescence to red fluorescence (G sat /R), giving ⌬G/G sat . The value of G sat /R was measured after each recording using a thin-walled pipette, containing the internal solution with a saturating concentration of Ca. This pipette was positioned directly above the recorded cell and used at the same recording temperature (33Ϫ34°C), as described previously (Chalifoux and Carter, 2010) .
Extracellular stimulation. Excitatory synaptic inputs were stimulated with a theta-glass electrode (tip diameter ϭ 5-20 m) filled with the same external solution used for recording. Electrodes were bent to a 70°a ngle and placed in close proximity (5-15 m) to a distal basal dendrite (Ͼ75 m from the cell body). Stimulation was brief (0.2 ms) and pairedpulse stimulation was performed at 50 Hz [interstimulus interval (ISI) ϭ 20 ms]. For current-clamp recordings (see Fig. 2 ), the stimulus intensity varied over a large range (5-100 A). For current-clamp recordings in Figure 1 and in Figures 2-5 and 9 (below), intensities were defined as high (50 -100 A) and low (20 -50 A), based on their ability to generate a dendrite Ca signal, unless otherwise noted. For voltage-clamp recordings, cells were held at the synaptic reversal potential (ϩ15 to 30 mV), yielding zero net current. For recordings in Figures 6 to 8 (see below) , the minimal intensities were small (1-20 A) and characterized by their ability to generate spine Ca signals with successes and failures but no dendrite Ca signal with single pulses. Failures on individual trials were observed as previously described Chalifoux and Carter, 2010) , and removed by calculating a threshold of two SDs above baseline noise. After finding a direct synaptic contact using minimal stimulation, the intensity was increased to investigate the Ca signals at nearby spines and dendrites. These high intensities were similar to those used to elicit NMDA spikes in current-clamp (50 -100 A) and the difference between minimal and high intensities was 30 -80 A (median ϭ 30 Ϯ 5 A). In only one case did high intensity stimulation recruit a direct synaptic contact on another spine, characterized by its large amplitude and the presence of successes and failures, which we excluded from our analysis.
Data acquisition and analysis. Image and physiology data were acquired using National Instruments boards and custom software written in MATLAB (MathWorks). Off-line analysis was performed using custom routines written in Igor Pro (WaveMetrics). Ca signal amplitudes were calculated over a 10 ms window around the peak. EPSP amplitudes were calculated over a 5 ms window around the peak. Two-photon images were treated with a 1.5-pixel radius Gaussian filter for display purposes. Traces in Figure 2 A were low-pass filtered for display purposes.
Electrophysiological and imaging data are reported in the text as median Ϯ SE of the median. Traces in figures are the mean Ϯ SEM. Summary data in figures are in paired-plot form, showing the median, SE of the median, and individual experiments. Summary data in some figures are shown in bar graph form (median, SE of the median, and individual experiments) because of the large number of N. The SE of the median was calculated as the SD of the medians computed from 100,000 bootstrapped samples from the data. Significance was defined as p Ͻ 0.05 and determined using the nonparametric two-tailed WilcoxonMann-Whitney two-sample rank test or the two-tailed Wilcoxon signed rank test for paired data (when appropriate), neither of which make assumptions about the data distribution. For multiple comparisons, significance was determined with the Kruskal-Wallis test and post hoc multiple comparisons were performed with the Dunn-Holland-Wolfe test.
Results

NMDA spike Ca signals
We studied NMDA spikes in L5 pyramidal neurons from acute slices of mouse PFC, using a combination of whole-cell recordings and two-photon imaging. We evoked spikes with a thetaglass extracellular stimulus electrode (diameter ϭ 5-20 m) in close proximity (⌬x ϭ 5-15 m) to the distal domain of the basal dendrites (median: 110 m; range: 75-200 m) (Fig. 1 A) . Paired-pulse stimulation (ISI ϭ 20 ms) evoked prolonged EPSPs characteristic of NMDA spikes (Fig. 1 B) , as previously observed (Schiller et al., 2000; Polsky et al., 2004 Polsky et al., , 2009 . The amplitude and half-width of the second EPSP (14.0 Ϯ 2.5 mV; 63 Ϯ 10 ms; n ϭ 6) were significantly greater than the first EPSP (8.6 Ϯ 1.6 mV, p ϭ 0.03; 36 Ϯ 6 ms, p ϭ 0.03; Fig. 1C ). Wash-in of the NMDA-R antagonist CPP (10 M) significantly decreased both the first (amplitude: p ϭ 0.03; half-width: p ϭ 0.03) and second (amplitude: p ϭ 0.03; half-width: p ϭ 0.03) EPSPs (Fig. 1 B, C) . However, the impact of CPP was significantly greater for the second EPSP (amplitude: p ϭ 0.002; half-width: p ϭ 0.04). Subsequent wash-in of the AMPA-R antagonist NBQX (10 M) completely blocked the remaining EPSPs ( Fig. 1 B) , indicating that direct electrical stimulation did not occur.
In pyramidal neurons, NMDA spikes are associated with large Ca signals (Schiller et al., 2000; Wei et al., 2001 ), but their subcellular locations have not been explored. Given their dependence on NMDA-Rs and synaptic activity, we predicted that Ca signals during NMDA spikes would be restricted to postsynaptic spines.
To test this, we used two-photon imaging in the same recordings to measure Ca signals with the low-affinity Ca indicator Fluo-4FF (1 mM) (Fig. 1 A) . Surprisingly, we found that paired-pulse stimulation evoked large Ca signals in both spines and nearby dendrites ( Fig. 1 B) . As with EPSPs, wash-in of CPP eliminated most of these Ca signals (spine: p ϭ 0.03; dendrite: p ϭ 0.03; Fig.  1 B, C), indicating a requirement for NMDA-Rs. Subsequent wash-in of NBQX completely blocked the remaining response, confirming a lack of direct electrical stimulation (Fig. 1 B) . In separate experiments, we found that wash-in of TTX (1 M) blocked both EPSPs and Ca signals (n ϭ 5: data not shown), further indicating they are not due to electroporation. These results indicate that NMDA spikes are associated with large Ca signals in both spines and adjacent dendrites.
Concerted synaptic activity
The triggering of NMDA spikes usually requires repetitive activation of multiple inputs to a local segment of dendrite (Schiller et al., 2000; Polsky et al., 2004 Polsky et al., , 2009 ). We next characterized how EPSPs and Ca signals during NMDA spikes depend on stimulus number and intensity (Fig. 2 A) . With increasing intensity, we found that the second EPSP gradually became larger and broader than the first. This boosting was reflected in the first derivative of these EPSPs, whose late negative component also increased. In the same recordings, we also found that local Ca signals were first undetectable but then grew after a threshold. This supralinear increase was only seen for paired stimuli and corresponded to the jump in amplitude and half-width of EPSPs (Fig. 2 B) . In all experiments (n ϭ 6), the increases in both EPSPs and Ca signals were blocked by subsequent application of CPP. In separate ex- periments, we also found that no NMDA spikes occurred when the NMDA-R blocker MK-801 (1 mM) was added to the internal solution (n ϭ 3; data not shown). Together, our results indicate that a combination of repetitive and synchronous synaptic activity promotes the generation of supralinear EPSPs and Ca signals during NMDA spikes.
We further quantified the relationship between spine and dendrite Ca signals as the spine/dendrite ratio (SDR) at different stimulus intensities and numbers (Fig.  2C) . At high intensities (50 -100 A), paired-pulse stimulation yielded similar Ca signals in spines and dendrites, resulting in a relatively low SDR (1.5 Ϯ 0.08; n ϭ 65; Fig. 2C ). At low intensities (20 -50 A), paired-pulse stimulation yielded much smaller Ca signals in dendrites than spines, leading to a significantly higher SDR (4.4 Ϯ 0.7, p ϭ 3.0 ϫ 10 Ϫ10 ; n ϭ 33; Fig. 2C ). At both high and low intensities, the SDRs were also significantly reduced for the second pulse compared with the first pulse (high: p ϭ 2 ϫ 10 Ϫ5 ; low: p ϭ 0.008; Fig. 2C ). These results indicate that the dendrite Ca signal increases disproportionately relative to the spine Ca signal with increasing synaptic activity, suggesting a novel Ca source is engaged in the dendrites during NMDA spikes.
Diffusional isolation
Synaptic Ca signals are usually prevented from reaching the dendrite by the high spine neck resistance and Ca extrusion mechanisms Grunditz et al., 2008) . How is the dendrite Ca signal generated during NMDA spikes? One possibility is that the Ca indicator is simply diffusing from nearby spines. All Ca indicators act as mobile buffers, capable of shuttling Ca from spine to dendrite . Pooling in the dendrite should be minimal when using dyes with low Ca affinity (K D ) and buffer capacity (K B ), but still could occur if Ca signals are sufficiently high. To examine this possibility, we imaged spine and dendrite Ca signals with a range of Ca indicators with different Ca affinities and buffer capacities (Maravall et al., 2000) , (Fig. 3A) . We found the SDR was the same under all of these recording conditions, even with the lowest buffer capacity (p Ͼ 0.05, Kruskal-Wallis) (Fig. 3B) . These results indicate that the dendrite Ca signal is unlikely due to Ca indicator diffusion, suggesting instead a novel Ca source in the dendrites themselves.
Dendrite Ca sources
The novel dendrite Ca signal during NMDA spikes could be mediated by a variety of Ca sources. Voltage-sensitive Ca channels (VSCCs) are located in spines and dendrites of pyramidal neurons and contribute to synaptic Ca signals (Bloodgood and Sabatini, 2007; Bloodgood et al., 2009; Higley and Sabatini, 2010) . These channels can also mediate dendritic Ca spikes in the basal dendrites during suprathreshold synaptic activity (Kampa and Stuart, 2006) . We found that wash-in of the T-type blocker mibefradil (10 M) and L-type blocker nimodipine (20 M) had no significant effect on EPSPs during NMDA spikes (amplitude: p ϭ 0.09; half-width: p ϭ 0.16; n ϭ 6) (Fig. 4 A, C) . These blockers also caused a decrease in Ca signal amplitude in spines and dendrites (spine: 73 Ϯ 9% of baseline, p ϭ 0.03; dendrite: 64 Ϯ 4% of baseline, p ϭ 0.03), indicating that these channels are activated. However, these blockers had no effect on the SDR (p ϭ 0.84), indicating that they are not required for the dendrite Ca signal. These effects are unlikely to have a presynaptic origin, as these blockers had no effect on the amplitude or paired-pulse ratio of EPSCs in voltage clamp (n ϭ 5; data not shown). It was not possible to block additional VSCCs when using extracellular stimulation without greatly reducing glutamate release.
In addition to VSCCs, Ca release from internal stores contributes to synaptic Ca signals in some neurons (Emptage et al., 1999; Kovalchuk et al., 2000; Chalifoux and Carter, 2010) and may play a role in some dendritic spikes (Dudman et al., 2007) . The endoplasmic reticulum (ER) has a high concentration of Ca and is intercalated throughout spines and dendrites (Spacek and Harris, 1997) . Ca influx through spine NMDA-Rs could trigger Ca-induced Ca release (CICR) from the ER to trigger dendrite Ca signals. However, we found that wash-in of the sarcoendoplasmic reticulum Ca-ATPase (SERCA) inhibitor CPA (30 M), which depletes internal Ca stores and blocks CICR, had no effect on EPSPs (amplitude: p ϭ 0.94; halfwidth: p ϭ 0.22; n ϭ 7) or the SDR (p ϭ 0.94) during NMDA spikes (Fig. 4 B, C) . However, CPA did cause a small increase in Ca signal amplitude in spines and dendrites (spine: 127 Ϯ 17% of baseline, p ϭ 0.10; dendrite: 128 Ϯ 18% of baseline; p ϭ 0.15), consistent with a role in clearance. These data confirm that SERCA helps remove synaptic Ca signals, but is not needed for the dendrite Ca signal that occurs during NMDA spikes.
Postsynaptic depolarization
Given that VSCCs and internal stores are not required for dendrite Ca signals, our results suggest that NMDA-Rs may be responsible. To generate NMDA spikes, a local depolarization must relieve the Mg block of these receptors (Schiller and Schiller, 2001) . In principle, NMDA-Rs could act alone in a positive feedback loop to generate this depolarization (Rhodes, 2006) . However, AMPA-Rs usually provide most of the postsynaptic depolarization and are known to influence synaptic Ca signals (Bloodgood et al., 2009 ). In support of a role for AMPA-Rs, we found that wash-in of NBQX (10 M) significantly decreased the EPSP amplitude during NMDA spikes (p ϭ 0.03; n ϭ 6; Fig.  5 A, C) . Blocking AMPA-Rs also eliminated the Ca signals in both spines and dendrites (spine: p ϭ 0.03; dendrite: p ϭ 0.03; Fig.  5 A, C) . These results suggest that under our experimental conditions, AMPA-Rs help generate the local depolarization required to remove Mg block and elicit NMDA spikes.
While both AMPA-Rs and NMDA-Rs are clearly important, they are not the only depolarizing conductances that could help generate NMDA spikes. Voltage-sensitive Na channels (VSSCs) could also evoke a local depolarization to relieve Mg block of NMDA-Rs. These channels are present in the basal dendrites of L5 pyramidal neurons (Nevian et al., 2007; Acker and Antic, 2009 ) and can be activated during EPSPs (Araya et al., 2007) . However, a requirement for VSSCs appears unlikely, as NMDA spikes were also elicited in the presence of the blocker QX-314 (5 mM) in the recording pipette (Fig. 5 B, C) . The SDR was similar in these experiments (1.7 Ϯ 0.3, p ϭ 0.27; n ϭ 6), further indicating that the dendrite Ca signal does not depend on VSSC activation. These findings indicate that VSSCs are not required for NMDA spikes, and suggest that depolarization via AMPA-Rs may be sufficient to open NMDA-Rs.
Extrasynaptic NMDA-Rs
Our results suggest that activation of NMDA-Rs could generate the dendrite Ca signal during NMDA spikes. These receptors are likely to be extrasynaptic, as the vast majority of excitatory synapses are made onto spines. However, this activation is revealed only during local depolarization in current-clamp recordings, making it difficult to study. To avoid this problem, we voltageclamped neurons at the reversal potential of NMDA-Rs (ϳ15 mV) and blocked AMPA-Rs with NBQX (10 M). By using the low-affinity Ca indicator Fluo-4FF (1 mM), we were able to directly monitor NMDA-R activation in spines and dendrites (Fig. 6A) .
With this approach, we found that single-pulse stimulation at minimal intensities evoked Ca signals in isolated spines but not adjacent dendrites (Fig. 6 B) . These results confirm that synaptic Ca signals are spatially restricted for tens of milliseconds, as previously observed Sabatini et al., 2002; Carter and Sabatini, 2004; Bloodgood and Sabatini, 2007; Chalifoux and Carter, 2010) . In contrast, paired-pulse stimulation at minimal intensities also generated Ca signals in nearby dendrites (Fig.  6 B) . With higher pulse number, the dendrite Ca signal increased more than the spine Ca signal, yielding smaller SDRs (single: 20 Ϯ 3; paired: 13 Ϯ 1; p ϭ 0.001; n ϭ 16; Fig. 6C ). Higher stimulation intensities also generated even larger Ca signals in both spines and dendrites (Fig. 6 B) . The dendrite Ca signal again increased disproportionately compared with the spine Ca signal, resulting in smaller SDRs (single: 2.5 Ϯ 0.4; paired: 1.6 Ϯ 0.1; p ϭ 9 ϫ 10 Ϫ5 ; n ϭ 16; Fig. 6C ). In all conditions, spine and dendrite Ca signals were completely blocked by CPP (10 M), indicating they are mediated by NMDA-Rs. These results demonstrate that the same stimuli that evoke NMDA spikes also allow glutamate to reach the dendrites and activate extrasynaptic NMDA-Rs.
A diffuse glutamate signal could selectively activate NR2B-containing NMDA-Rs, which may be uniquely present at extrasynaptic sites (Tovar and Westbrook, 1999) . However, we found that the ifenprodil derivative Ro 25-6981 (1 M), which preferentially blocks NR2B-containing receptors, reduced the NMDA-R Ca signals in both spines (single: 62 Ϯ 10% of baseline; paired: 66 Ϯ 13% of baseline; n ϭ 9) and dendrites (single: 54 Ϯ 16% of baseline; paired: 59 Ϯ 10% of baseline) (data not shown). While the reduction was greater in dendrites than spines, this difference was not significant. These findings argue against the presence of two completely different populations of receptors in spines and dendrites. Instead, they are consistent with NR2B-containing NMDA-Rs sensing glutamate at both locations (Sobczyk et al., 2005). 
Glutamate spillover
Our results suggest that glutamate spillover occurs during concerted synaptic activity and enables the activation of extrasynaptic receptors. Spillover from synapses is usually restricted by the presence of powerful glutamate reuptake mechanisms (Asztely et al., 1997; Isaacson, 1999; Carter and Regehr, 2000; Arnth-Jensen et al., 2002) . If the dendrite Ca signal reflects spillover, we reasoned that blocking glutamate reuptake should further increase this response. At minimal intensities, we found that wash-in of a relatively low concentration of the glutamate transporter inhibitor TBOA (10 M) enhanced the dendrite Ca signal (single: p ϭ 0.02; paired: p ϭ 0.01) and significantly decreased the SDR (single: p ϭ 0.02; paired: p ϭ 0.02; n ϭ 8; Fig. 7A ). At higher intensities, we observed similar changes in these Ca signals (single: p ϭ 0.01; paired: p ϭ 0.003) and SDR (single: p ϭ 0.002; paired: p ϭ 0.002; n ϭ 10; Fig. 7B ), which were not significantly different from those at minimal intensities. These results indicate that blocking glutamate transporters increases spillover to activate additional extrasynaptic NMDA-Rs on nearby dendrites.
If the dendrite Ca signal is due to activation of extrasynaptic NMDA-Rs, we expected to observe similar responses in nearby spines. To investigate this possibility, we performed simultaneous line-scans through spine-spine and spine-dendrite pairs (see Materials and Methods) (Fig. 8 A) . Single-pulse stimulation at minimal intensities evoked Ca signals at isolated spines but not nearby spines or dendrites. As seen for dendrite Ca signals, higher stimulation intensities also evoked Ca signals at nearby spines, yielding a smaller spine/spine ratio (SSR). The Ca signals at nearby spines did not exhibit successes and failures, suggesting they are not generated by direct synaptic contacts. To determine whether these Ca signals could reflect glutamate spillover, we again examined the impact of blocking glutamate reuptake. At minimal intensities, we observed that wash-in of TBOA enhanced Ca signals at nearby spines (single: p ϭ 0.08; paired: p ϭ 0.005) and significantly decreased the SSR (single: p ϭ 0.048; paired: p ϭ 0.01; n ϭ 10; Fig. 8 B) . At higher intensities, we found similar changes in these Ca signals (single: p ϭ 0.02; paired: p ϭ 0.001) and SSR (single: p ϭ 0.02; paired: p ϭ 0.02; n ϭ 7; Fig. 8C ), which were not significantly different from those at minimal intensities. Given the geometry of spines and dendrites, these results are difficult to explain by diffusion of the Ca indicator. Instead, they suggest that glutamate diffuses from nearby terminals to activate extrasynaptic NMDA-Rs on both spines and dendrites.
Enhancing NMDA spikes
Having established that glutamate spillover occurs onto spines and dendrites, we next examined the consequences for the initiation of NMDA spikes. We first determined the impact of blocking glutamate reuptake on NMDA spikes evoked by suprathreshold stimulation (Fig. 9A) . Wash-in of TBOA enhanced NMDA spikes by broadening EPSPs (amplitude: p ϭ 0.22; half-width: p ϭ 0.03; n ϭ 6) and increasing Ca signals (spine: p ϭ 0.03; dendrite: p ϭ 0.03; Fig. 9D ). These results are consistent with enhanced NMDA-R activation promoting the regenerative feedback loop underlying NMDA spikes. We then asked whether increasing spillover could also generate NMDA spikes in response to subthreshold stimulation (Fig. 9B) . In this case, wash-in of TBOA allowed subthreshold stimulation to elicit NMDA spikes, enhancing both EPSPs (amplitude: p ϭ 0.03; half-width: p ϭ 0.03; n ϭ 6) and Ca signals (spine: p ϭ 0.03; dendrite: p ϭ 0.03; Fig.  9D ). For both supra-and subthreshold synaptic activity, blocking glutamate transporters had only a minimal impact on synaptic responses evoked by single stimuli. Together, our results demonstrate that increasing glutamate spillover promotes the generation of NMDA spikes in the basal dendrites of these neurons.
While our results indicate that AMPA-Rs are usually needed for the generation of NMDA spikes in these neurons, a sufficiently large glutamate signal could activate enough extrasynaptic NMDA-Rs to eliminate this requirement (Rhodes, 2006 ). Finally, we tested whether increasing spillover could enable NMDA spikes even in the absence of AMPA-Rs (Fig. 9C) . In the presence of NBQX, wash-in of TBOA converted subthreshold responses into NMDA spikes, enhancing both EPSPs (amplitude: p ϭ 0.008; half-width: p ϭ 0.04; n ϭ 8) and Ca signals (spine: p ϭ 0.007; dendrite: p ϭ 0.007; Fig. 9D ). In contrast, blocking glutamate transporters had no impact on synaptic responses evoked by single stimuli. These results demonstrate that spillover enables the generation of NMDA spikes even when AMPA-Rs are unavailable. Together, our findings indicate that the spatial profile of the glutamate signal is a crucial factor in the ability of synaptic inputs to generate nonlinear responses in the dendrites.
Discussion
We have shown that NMDA spikes generate large Ca signals in the basal dendrites of L5 pyramidal neurons in the mouse PFC. As predicted for active synaptic inputs, these spikes produce Ca signals in spines. Surprisingly, they also evoke Ca signals in nearby dendrites. These dendrite Ca signals have similar amplitudes and kinetics to spine Ca signals and do not reflect diffusion of the Ca indicator. While they depend on depolarization via AMPA-Rs, they do not require Na channels, Ca channels or internal Ca stores. Imaging Ca signals in voltage clamp reveals activation of extrasynaptic NMDA-Rs in the dendrite and nearby spines, which depends on both stimulation intensity and number. Consistent with glutamate spillover, blocking glutamate transporters increases the NMDA-R Ca signal found in nearby dendrites and spines. This increase in extrasynaptic NMDA-R activation promotes NMDA spikes and lowers their threshold, thereby reducing the requirement for AMPA-R depolarization.
Dendrite Ca signals NMDA spikes have previously been shown to generate Ca signals in restricted segments of dendritic branches (Schiller et al., 2000; Wei et al., 2001; Milojkovic et al., 2007; Major et al., 2008) . However, the location of these Ca signals was unknown at the subcellular level of individual spines and dendrites. In many neurons, excitatory inputs evoke NMDA-R Ca signals in spines but not adjacent dendrites (Koester and Sakmann, 1998; Yuste et al., 1999; Kovalchuk et al., 2000) . Spines are able to isolate these signals due to their narrow, high resistance necks and powerful Ca extrusion mechanisms Grunditz et al., 2008) . Given their dependence on NMDA-Rs, and lack of requirement for other Ca sources, we expected that NMDA spikes would also generate Ca signals only in activated spines. We were thus surprised to discover that these spikes generate large Ca signals in both spines and adjacent dendrites.
Our initial explanation was that the dendrite Ca signal resulted from Ca indicator diffusing from the spine head to the dendrite. Four lines of evidence suggest this is not the case. First, we used multiple Ca indicators to show that dendrite Ca signals occurred even when the buffering capacity was extremely low. Under these conditions, there is essentially no shuttling of Ca ions from spines to neighboring dendrites . Second, we showed in voltage clamp that synaptic Ca signals were isolated to the spine head when using minimal intensity stimulation. These results are similar to previous demonstrations of spatially restricted Ca signals in activated spines Sabatini et al., 2002; Carter and Sabatini, 2004; Bloodgood and Sabatini, 2007; Chalifoux and Carter, 2010) . Third, we also detected similar Ca signals in nearby spines that grew with increasing stimulus intensity and number. This signal is unlikely to be due to the diffusion of Ca indicator from a spine to the dendrite to another spine. Finally, blocking glutamate transporters should have no effect on the diffusion of Ca indicator from spine to dendrite. However, TBOA consistently increased the Ca signals mediated by extrasynaptic NMDA-Rs in dendrites and spines. Thus, our results indicate that the dendrite Ca signal does not reflect diffusion of the Ca indicator and instead is due to glutamate spillover.
The relief of Mg block is usually thought to allow NMDA-Rs to provide the regenerative depolarization needed for NMDA spikes (Schiller and Schiller, 2001) . As expected, we found that both EPSPs and Ca signals require activation of NMDA-Rs under baseline conditions. We also found that these responses require activation of AMPA-Rs but not voltagesensitive Na or Ca channels. These results suggest that AMPA-Rs contribute to the initial depolarization required to trigger NMDA spikes. They also agree with previous studies showing that high stimulus intensities are needed to generate NMDA spikes when AMPA-Rs are blocked (Polsky et al., 2009) . Under these conditions, the NMDA-R conductance may become sufficiently large to evoke NMDA spikes (Rhodes, 2006) . Together, our results suggest that glutamate spillover contributes to this high conductance, promoting the initiation of these spikes.
Glutamate spillover
While synaptic transmission is often considered as a point-to-point process, glutamate can also escape from the synaptic cleft and act diffusely (Kullmann et al., 1996; Asztely et al., 1997; Barbour and Häusser, 1997; Rusakov and Kullmann, 1998) . In most cases, spillover is detected by changes in the amplitude, kinetics or pharmacology of somatic EPSCs due to an extended glutamate signal. For example, low concentrations of glutamate can preferentially activate high-affinity NMDA-Rs to generate slow EPSCs (Isaacson, 1999) . Increasing stimulation intensity and number enhances spillover by activating many presynaptic terminals to generate prolonged EPSCs (Carter and Regehr, 2000) . Moreover, blocking glutamate transporters enhances spillover by eliminating one of the primary clearance mechanisms for extrasynaptic glutamate (Arnth-Jensen et al., 2002) . However, interpreting these effects is often complicated, as spillover is usually only indirectly inferred by changes in somatically recorded EPSCs.
In our experiments, we used two-photon microscopy to directly detect glutamate spillover as NMDA-R-mediated Ca signals. We used voltage clamp to eliminate contributions from voltage-sensitive ion channels and isolate NMDA-R responses. As in current-clamp, increasing the stimulation number and intensity produced Ca signals in dendrites. Increasing the amount of synchronous synaptic activity also generated graded Ca signals in nearby spines. These spine and dendrite Ca signals did not exhibit the stochastic failures and successes observed at direct synaptic connections Chalifoux and Carter, 2010) . Instead, they reflect activation of extrasynaptic NMDA-Rs following glutamate spillover from nearby synapses. Activation of these receptors appears and builds at the same stimulus inten- sities and numbers needed to generate NMDA spikes. There is thus a close relationship between the stimuli required to elicit NMDA spikes and the activation of extrasynaptic NMDA-Rs by glutamate spillover.
The spatial and temporal extent of extracellular glutamate signals depends on diffusion, buffering and uptake (Barbour and Häusser, 1997; Rusakov and Kullmann, 1998) . Dextrans have previously been used to reduce glutamate spillover by increasing viscosity and slowing diffusion (Min et al., 1998) . However, we found that adding dextrans dramatically shrank our slices, moving both stimulus and recording pipettes. Glutamate scavengers have also been used to eliminate low concentrations of extrasynaptic glutamate (Min et al., 1998) . However, these scavengers can also reduce peak glutamate signals (Turecek and Trussell, 2000) , which can make their effects difficult to interpret. Blocking transporters has often been used to enhance glutamate spillover at synapses throughout the brain (Asztely et al., 1997; Isaacson, 1999; Carter and Regehr, 2000; Arnth-Jensen et al., 2002) . We found that blocking transporters dramatically enhanced extrasynaptic NMDA-R activation on spines and dendrites. Ultimately, this NMDA-R activation is sufficient to allow pure NMDA spikes even in the absence of AMPA-R activation.
Functional implications
Dendritic spikes in pyramidal neurons result from complex interactions between synaptic inputs and voltage-sensitive conductances Stuart et al., 1997; Golding and Spruston, 1998) . In many cases, voltage-sensitive Na or Ca channels mediate the regenerative depolarization during these spikes. The presence of these channels in both spines and dendrites enables these spikes to propagate along a dendritic branch (Losonczy and Magee, 2006) . This restricted spread allows individual branches to act as distinct processing units during synaptic integration (Polsky et al., 2004) . This compartmentalization of processing in turn enhances the computational capabilities of individual pyramidal neurons (London and Häusser, 2005) .
NMDA spikes are unique in requiring both concerted synaptic activity and the sustained binding of glutamate to NMDA-Rs (Schiller et al., 2000) . In this case, the depolarization is not due to Na or Ca channels, but instead involves relief of Mg block and opening of NMDA-Rs (Schiller and Schiller, 2001 ). This local feedback loop means that NMDA spikes can propagate only limited distances along a dendritic branch (Rhodes, 2006; Milojkovic et al., 2007; Major et al., 2008) . In the absence of spillover, the need for bound glutamate also implies that NMDA spikes should only occur at postsynaptic spines. However, our results indicate that activation of extrasynaptic NMDA-Rs allows these spikes to spread to nearby spines and dendrites. Our findings suggest that the generation of NMDA spikes is influenced by both dendritic nonlinearities and the glutamate signal. Consequently, these spikes may be impacted by multiple factors that shape the glutamate signal, including local activity in both neuronal and glial networks.
The confinement of NMDA-R Ca signals to spines is often thought to underlie synapse specificity during synaptic plasticity (Zucker, 1999) . The Ca signals evoked during NMDA spikes are important triggers of synaptic plasticity in the basal dendrites of cortical pyramidal neurons (Holthoff et al., 2004; Gordon et al., 2006) . However, our results show that these Ca signals are not restricted to postsynaptic spines, and can also occur in nearby spines and dendrites. This suggests that glutamate spillover may increase the spatial extent of synaptic plasticity along a dendritic branch. Decreasing transporter activity could also reduce synapse specificity by further increasing the spread of glutamate. Thus, glutamate spillover is likely to be an important factor shaping synaptic plasticity and other Ca-dependent processes. In conclusion, the ability of glutamate spillover to promote the generation of NMDA spikes has important implications for electrical and biochemical signaling in the dendrites of pyramidal neurons.
